The machinery that conducts the light-driven reactions of oxygenic photosynthesis is hosted within specialized paired membranes called thylakoids. In higher plants, the thylakoids are segregated into two morphological and functional domains called grana and stroma lamellae. A large fraction of the luminal volume of the granal thylakoids is occupied by the oxygen-evolving complex of photosystem II. Electron microscopy data we obtained on dark-and light-adapted Arabidopsis thylakoids indicate that the granal thylakoid lumen significantly expands in the light. Models generated for the organization of the oxygen-evolving complex within the granal lumen predict that the light-induced expansion greatly alleviates restrictions imposed on protein diffusion in this compartment in the dark. Experiments monitoring the redox kinetics of the luminal electron carrier plastocyanin support this prediction. The impact of the increase in protein mobility within the granal luminal compartment in the light on photosynthetic electron transport rates and processes associated with the repair of photodamaged photosystem II complexes is discussed.
The machinery that conducts the light-driven reactions of oxygenic photosynthesis is hosted within specialized paired membranes called thylakoids. In higher plants, the thylakoids are segregated into two morphological and functional domains called grana and stroma lamellae. A large fraction of the luminal volume of the granal thylakoids is occupied by the oxygen-evolving complex of photosystem II. Electron microscopy data we obtained on dark-and light-adapted Arabidopsis thylakoids indicate that the granal thylakoid lumen significantly expands in the light. Models generated for the organization of the oxygen-evolving complex within the granal lumen predict that the light-induced expansion greatly alleviates restrictions imposed on protein diffusion in this compartment in the dark. Experiments monitoring the redox kinetics of the luminal electron carrier plastocyanin support this prediction. The impact of the increase in protein mobility within the granal luminal compartment in the light on photosynthetic electron transport rates and processes associated with the repair of photodamaged photosystem II complexes is discussed.
T he primary processes of photosynthesis in cyanobacteria, algae, and higher plants are carried out within flattened vesicles, called thylakoids, which host the molecular complexes that conduct the light-driven reactions of photosynthesis and provide a medium for energy transduction. In higher plants and some green algae, the thylakoids are differentiated into two distinct morphological domains: cylindrical stacked regions ranging between 300 and 600 nm in diameter, coined grana, and unstacked membrane regions that interconnect the grana called stroma lamellae. The photosynthetic protein complexes are unevenly distributed between the two domains: most of photosystem II (PSII) and the major light-harvesting antenna complex II (LHCII) are localized in the appressed regions of the grana, whereas photosystem I (PSI) and ATP synthase are confined to nonappressed membrane regions, which include the stroma lamellae and grana end membranes and margins (refs. 1-4 and references therein).
The current study focuses on the thylakoid luminal compartment. This compartment forms a continuous aqueous space encased by the thylakoid membranes, which separate it from the chloroplast stroma. The major inhabitant of the thylakoid lumen in the granal membrane domains is the oxygen-evolving complex (OEC), which stabilizes the manganese catalytic center of PSII and optimizes the ionic environment for water oxidation (ref. 5 and references therein). The very high density of PSII in the granal membranes (6) implies that the space available for movement in the lumen of these thylakoids may be limited, depending on the thickness of this compartment. This impending constraint, in turn, raises the possibility that diffusion of proteins in the granal thylakoid lumen may be modulated by reversible changes in its thickness. Such changes may occur in response to alterations in the light environment. To test this possibility, we combined electron microscopy and light scattering analyses with models for the packing arrangement of OEC within the lumen, as well as with measurements of the redox equilibration in the high-potential chain, which is governed by diffusion of the small luminal protein plastocyanin (PC). The results obtained indicate that the grana lumen undergoes significant expansion in the light, considerably increasing the space available for protein diffusion in this compartment. We propose that the increase in available diffusion space facilitates PC-mediated electron transport from cytochrome b 6 f to PSI and the repair of photodamaged PSII complexes.
Results
To optimally preserve the native structure of the thylakoid membranes, and to avoid complications arising from the use of contrasting agents, vitreous sections of unfixed, unstained, leaf samples were examined by cryotransmission electron microscopy (cryo-TEM). The preparation of frozen-hydrated leaf tissues for EM examination is technically challenging (1) and hitherto only one EM study has been conducted on such tissues (7) . We nevertheless chose to perform the microscopic analyses on leaf samples, rather than on isolated chloroplasts or thylakoid membranes, as such samples represent the native state of the system most authentically. Fig. 1A shows an image of a chloroplast within a dark-adapted leaf. The measurements were performed on high-magnification images of individual granum stacks, such as the one depicted in Fig. 1B . The membrane bilayers of the stacked thylakoids were clearly discerned in the micrographs ( Fig. 1 A and D, Insets) . The thylakoid discs are separated from each other by a region corresponding to the aqueous stromal space, referred to as the partition gap. The thickness of the membrane bilayers and the width of the partition gaps were determined from intensity profiles along lines perpendicular to the layers in the stacks; the distance between adjacent partition gaps in the stacks (repeat distance) was derived from the power spectra of the images ( Fig. 1 C and F) . To derive the thickness of the thylakoid lumen (L) we subtracted the widths of one partition gap (P) and two thylakoid membrane bilayers (M) from the stacking repeat distance (R) (Fig. 1D, Lower Inset) . The values obtained for the thickness of the membrane bilayers, stacking repeat distance, partition gap width, and granal thylakoid lumen thickness were 4.0 ± 0.2 nm, 16.3 ± 0.6 nm, 3.6 ± 0.4 nm, and 4.7 ± 0.8 nm, respectively. The same analysis was performed on samples derived from leaves that were illuminated (while still attached to the plant) with 500 μmol photons m −2 ·s −1 for 30 min (Fig. 1 D-F) . The results revealed significant changes in the stacking repeat distance and the thickness of the membrane bilayer, the former increasing to 19.1 ± 0.5 nm and the latter decreasing to 3.3 ± 0.1 nm; the width of the partition gap was not significantly altered, measuring 3.3 ± 0.2 nm. Together, these values yield a luminal width of 9.2 ± 0.6 nm, 96% wider than that of dark-adapted granal thylakoids.
The measurements described above were also performed on cryoimmobolized, freeze-substituted, and resin-embedded leaf samples (Fig. S1 ). This procedure is also known to preserve cellular structures and organelles with high fidelity (1, (8) (9) (10) . The results obtained from this analysis likewise indicated an extensive (91%) expansion of the granal thylakoid lumen in the light. Here too, illumination of the leaves resulted in an increase of the stacking repeat distance, from 16.8 ± 0.4 nm to 18.6 ± 0.4 nm, although the width of the partition gap changed more significantly compared with the frozen-hydrated samples, from 4.2 ± 0.1 nm to 3.2 ± 0.1 nm. Due to the lower contrast, we could not determine the thickness of the lipid bilayers in the cryoimmobilized, freeze-substituted samples. Using the values obtained for the bilayer thickness from the measurements performed on the vitreous sections, we derived luminal width values of 4.6 ± 0.5 nm and 8.8 ± 0.4 nm, for dark-and light-adapted thylakoids, respectively.
In addition to the microscopic examinations, we also studied the effect of illumination by performing light-scattering measurements on isolated thylakoids (Fig. S2) . The results obtained showed a reversible increase in the (90°) light scattering signal upon illumination (Fig. S2B) . Addition of the uncoupler ammonium chloride during illumination led to a decrease in scattering (Fig. S2C) . Experiments performed on dark-adapted thylakoids suspended in solutions containing different concentrations of sorbitol showed that the scattering signal decreased with increasing concentrations of the osmolyte, which should lead to contraction of the thylakoids (e.g., ref. 11). Altogether, the results are consistent with an overall expansion of the lamellar system in the light and suggest that it is correlated to changes in transthylakoid ΔpH. Previous studies revealed similar trends in light scattering but the changes were attributed to structural changes in the thylakoid membranes themselves (12) or to changes in LHCII xanthophyll composition occurring during nonphotochemical quenching (NPQ) (13, 14) . Currently, we cannot distinguish between the contributions of the above processes to the observed changes in light scattering.
We then used the electron microscopy data to assess the consequences of the observed light-induced expansion of the granal thylakoid lumen on protein diffusion. As the major obstacle for diffusion in this compartment is the OEC, we generated models for its organization in the lumen of dark-and light-adapted granal thylakoids. (The contribution of the luminal part of cytochrome b 6 f to macromolecular crowding in the grana lumen is relatively minor, even if one assumes that it populates granal domains with a density about 50% of that of PSII) (3). Two basic arrangements of OEC were considered: A configuration in which opposing complexes directly face each other across the lumen and one in which a staggered configuration is adopted (Fig. 2) . For the first arrangement to be realized, a minimal luminal width corresponding to twice the height of the OEC is required. Available structural data indicate that the OEC in higher plants has a height of about 4-5 nm (15). Thus, a minimum width of 8-10 nm is necessary if opposing complexes are to assume a face-to-face configuration. Our data indicate that, at least in Arabidopsis, this requirement is not met in dark-adapted leaves, implying a staggered arrangement of the OEC in the dark. Although expansion of the lumen in the light could, in principle, allow for a face-to-face configuration, adopting such an arrangement on a macroscopic level is unlikely, unless specific interactions stabilize this entropically unfavorable configuration. We therefore assumed a staggered configuration for both states. Such an arrangement is in line with electron tomography (16) and atomic force microscopy data (17) obtained on isolated spinach chloroplasts and grana thylakoids, respectively. However, our findings hold just as well if a face-to-face configuration is adopted in the light. In this case, the difference in available diffusion space in the lumen between darkand light-adapted thylakoids is expected to be even larger.
To generate density maps of the OEC complexes within the granal lumen, the positions and orientations of OECs were inferred from those of PSII complexes within the encasing membrane layers, extracted from tomographic reconstructions of frozen-hydrated grana stacks obtained from mildly solubilized thylakoid membrane preparations (18) . Fig. 3 A-C shows contours of the OECs (15) as seen at different distances from the lipid bilayer. The density of the PSII complexes within each of the two membrane layers encasing the lumen is very high, averaging at 1,630 complexes per square micrometer. This value is within 5% of that determined from a freeze-fracture EM analysis of untreated (nonsolubilized) thylakoid membranes, which yielded a density of 1,720 complexes per square micrometer (19) . An immediate consequence of the high PSII density is that the orientation of the oval contoured OEC complexes (Fig. 3A ) cannot be purely random. Rather, a parallel orientation of neighboring complexes is imposed (Fig. 3D, Upper) . Indeed, a next-neighbor angle distribution analysis revealed that the angles of 0°to 20°b etween adjacent OEC pairs in the thylakoid lumen are more prevalent than expected for an ensemble consisting of randomly oriented particles (Fig. S3) . A similar tendency toward a parallel alignment was found for PSII complexes in isolated grana thylakoid membranes from spinach imaged by atomic force microscopy (17) .
The expansion of the thylakoid lumen under light provides additional volume and paths for diffusion in this compartment. To estimate the change in the fraction available for diffusion, we generated density maps of OECs within the granal lumen of darkand light-adapted thylakoids. The maps were constructed for two cases: (i) a particle moving along the midplane of the lumen (Fig.  3 D and E, Upper) or (ii) a particle displaced from the midplane and moving close to one of the two membranes that encase the lumen (Fig. 3F, Upper) , which is applicable only to light-adapted thylakoids. These two cases are illustrated in Fig. 3 J-L. The probe chosen was the small luminal protein PC, which shuttles electrons from cytochrome b 6 f to PSI. The contours of the OECs were modified to account for the distance of the diffusing probe from the surface of the encasing membranes. For the case where the PC molecule was displaced from the luminal midplane, different contours were used for OECs associated with the nearby and distant membranes (orange-and yellow-colored particles in Fig. 3F) .
Next, we estimated the diffusion area available for PC within the granal lumen. This 10.5-kDa protein is about 4 × 3 × 3 nm (20) , implying that the gaps between adjacent OECs should not be smaller than 3 nm to allow for its passage. Therefore, the contours of OEC were expanded by 1.5 nm. The results are shown in Fig. 3  D-F , Lower. Evidently, diffusion of PC within the granal lumen of dark-adapted thylakoids is restricted to small, isolated domains (black regions in Fig. 3D, Lower) . Analysis of the diffusion space (Fig. 3G) 
PC molecules within the lumen of appressed thylakoid domains is therefore highly unlikely. The situation is quite different for lightadapted thylakoids. As can be seen, the area available for diffusion of PC migrating at the midplane of the lumen (Fig. 3 E, Lower and H, Lower) or displaced from the midplane (Fig. 3 F, Lower and I, Lower) increases considerably, as the parts of the OECs encountered by the particles moving along this plane become smaller. Evidently, the gaps formed between OECs associated with one of the membrane faces and the opposing membrane upon expansion of the lumen (Fig. 3I) significantly enlarge the available diffusion space. The result is the emergence of continuous channels that enable long-range diffusion throughout the granum.
To test the predictions made above for the difference in PC mobility between dark-and light-adapted granal thylakoids, we monitored the redox equilibration within the high-potential chain (the part of the electron transport chain between cytochrome f and P700). By plotting the (dark) reduction kinetics of cytochrome f + versus that of P700 + the apparent equilibrium constant (K app ) can be deduced (Fig. 4 A and C) . Deviation of K app from the thermodynamically expected constant (K thermo ), derived from the redox midpoint potential (E M ) of the two redox components, can be used as a diagnostic tool for the presence of disequilibria that may be due to restricted PC diffusion (22) . If diffusion of PC in the thylakoid lumen is sufficiently fast, K app is expected to be similar to K thermo . On the other hand, if the mobility of PC is impeded, electrons arriving at cytochrome f + would not be efficiently transferred to P700 + , resulting in lowered cytochrome f oxidation levels (for a given P700 + level) and, hence, in divergence of K thermo and K app .
Measurements conducted on dark-adapted leaves were performed following a 100-ms saturating light pulse. To allow unrestricted electron flow from PSI, methylviologen (MV) was added. The results are shown in Fig. 4A (filled circles) . As reported previously for spinach (22) , a clear deviation from the thermodynamic equilibrium constant (dashed line in Fig. 4A ) is apparent, indicating restricted PC diffusion. In addition, the curve is clearly biphasic, with a fraction of about 30-40% of the cytochrome f population being characterized by a very small equilibrium constant (∼1) and the remaining equilibrating with a much larger constant (>20). A restricted diffusion of PC in the lumen is further supported by the biphasic oxidation kinetics of cytochrome f, induced by a saturating light pulse (Fig. 4B) . Between 40 and 50% of the molecules are oxidized significantly slower than P700. Fitting of the slow phase with an exponential yielded a rate constant of 24 ± 6 ms −1 . The presence of such a phase suggests that a significant fraction of the cytochrome b 6 f complexes is in poor redox contact with PSI. Given the similarity between the relative amplitudes of this fraction and the one corresponding to the slowly equilibrating cytochrome f species (see above), it seems likely that the two represent the same ensemble.
The presence of a slowly equilibrating population of cytochrome f molecules implies that oxidation of plasto(hydro)quinone (PQH 2 ) by the corresponding cytochrome b 6 f complexes must also be attenuated in dark-adapted leaves. To verify this point, we modeled the oxidation behavior of the high-potential chain following a light pulse by numerically solving the differential equations that describe electron transfer from PQH 2 to P700 + . The results (Fig. S4) revealed that a slow cytochrome f component becomes apparent only when both PC-mediated electron transfer and the transport of electrons from PSII to the cytochrome b 6 f complex via PQH 2 are impeded.
To study the redox equilibration dynamics between cytochrome f and P700 in light-adapted leaves, we performed two types of experiments. The first experiment was similar to the one described above for dark-adapted leaves, but the samples were illuminated for 5 min with 500 μmol quanta m −2 ·s −1 and, again, for 30 s, before each measurement (Fig. 4C, black circles) . The dark interval between the 30-s preillumination and the 100-ms saturating pulse was 300 ms. In the second set of experiments, we probed the steady state oxidation levels of cytochrome f and P700 at different light intensities. The latter experiments were conducted in the absence of methylviologen, to avoid H 2 O 2 poisoning. Before the measurements, the leaves were illuminated to activate the Calvin-Benson cycle, to allow unperturbed electron flux from PSI. The leaves were then exposed to different light intensities and the relative oxidation states of cytochrome f and P700 were measured (Fig. 4C, gray squares) . In contrast to the dark-adapted samples, almost no deviations between K app and K thermo were observed for P700 oxidation levels ranging from ∼50 to 100% or for light intensities ranging from 200 to 500 μmol photons m , indicating facilitated PC diffusion. In agreement with this observation, the slow cytochrome f oxidation phase seen in dark-adapted leaves during the light pulse was no longer apparent under these conditions (Fig. 4D) . At lower P700 oxidation levels or light intensities, the data were similar to those measured for dark-adapted samples, suggesting that PC diffusion was restricted probably because of narrowing of the lumen at these light intensities. Alternatively, it may reflect restricted diffusion of plastoquinone molecules within the lipid phase under these conditions (see below).
Discussion
Electron microscopy data obtained in this study show that the granal thylakoid lumen expands in the light. Models generated for the organization of the OEC suggest that this expansion alleviates the restriction on protein mobility that prevails in the dark. Although these models do not represent the full complexity of the granal thylakoid lumen, their predictions are qualitatively supported by the results obtained from the redox-equilibration measurements, which indicate that diffusion of PC in the thylakoid lumen is facilitated under sufficiently high light intensities (>100 μmol photons m −2 ·s −1 ). Early studies performed by Murakami and Packer on isolated thylakoid membranes indicated an overall contraction of appressed membrane domains upon illumination, including thinning of the membrane bilayers and shrinkage of the granal luminal space (12, 23) . These studies also revealed that the above changes were accompanied by an increase in membrane hydrophobicity. The latter effect (which is expected to lead to a decrease in bilayer hydration level) and the reduction in membranes thickness were recently ascribed to alterations in LHCII conformation/organization and de-epoxidation of LHCII-bound violaxanthin to zeaxanthin associated with NPQ (24) . Contraction of the thylakoid lumen was likewise used as the basis for a model suggesting that it is required for correct assembly of the OEC subunits within this compartment in the light (25) . The micrographs we obtained also reveal thinning of the granal thylakoid membranes in the light which, given the illumination conditions we used, may arise from the aforementioned processes. However, they indicate that thinning is accompanied by expansion rather than contraction of the luminal compartment. This discrepancy likely reflects differences between Equilibration plot of cytochrome f and P700 in dark-adapted leaves, generated from relaxation kinetic measurements following a 100-ms light pulse. The dashed line shows the theoretical equilibration curve (K thermo ), calculated using +352 and +472 mV for the redox midpoint potentials of cytochrome f and P700, respectively. The gray delineation of the line represents the range of values reported in the literature for the potentials (22) . Error bars represent SE (n = 8). (B) Oxidation kinetics of cytochrome f and P700 induced by a saturating light pulse in dark-adapted leaves. The oxidation kinetics of P700 is monophasic, whereas that of cytochrome f is biphasic, exhibiting clearly distinguished slow and fast components. (C) Equilibration plot of cytochrome f and P700 in light-adapted leaves (black circles). Gray squares show the steady state oxidation levels in leaves exposed to different light intensities, in the absence of methylviologen. Sat, saturated light intensity. (D) Oxidation kinetics of cytochrome f and P700 in light-adapted leaves. Note that the slow cytochrome f component seen in dark-adapted leaves is no longer apparent. The absolute (nonnormalized) cytochrome f amplitudes are virtually identical for light-and dark-adapted samples.
the samples used in the two studies. The samples analyzed by Murakami and Packer were prepared for EM examination by chemical fixation, which is inherently slow (minutes) and involves substitution of water molecules at ambient temperatures. Consequently, samples prepared by this method are prone to artifacts, including deformation and shrinkage of membrane systems and extraction of lipids (see ref. 1 and references therein) . The latter may lead to perforation of the thylakoids, resulting in changes in osmolarity, ionic content, and pH and, consequently, in their structural characteristics (10) . These deleterious effects are circumvented entirely when untreated vitreous sections are examined by cryo-EM, or largely, when the samples are prepared by means of cryoimmobilization and freeze substitution, which were the methods we used in our study. In addition, our microscopic studies were performed on leaf preparations rather than on isolated thylakoids, thus preserving the native cellular milieu.
Linear electron transport involves two diffusion-controlled processes: transfer of electrons from PSII to cytochrome b 6 f within the lipid phase, via plastoquinone (PQ), and from cytochrome b 6 f to PSI in the thylakoid lumen, by PC. As we have shown, diffusion of PC within the granal thylakoid lumen is highly restricted in dark-adapted thylakoids. Diffusion of PQ in the lipid bilayer is likewise highly obstructed by the PSII and LHCII complexes in the granal thylakoid membranes (26, 27) . The location of cytochrome b 6 f within the thylakoid membranes dictates the average diffusion distances for the two electron carriers and thus has a strong impact on the time scale of the two processes. Its exact localization in the thylakoid membranes of higher plants is under debate with some works suggesting that it is present in granal domains and others proposing that it is excluded from these regions (see ref. 2 
and references therein).
The results we obtained from the redox-equilibration measurements suggest that a significant fraction of the cytochrome b 6 f complexes resides within the granal thylakoid membranes and that the shuttling of electrons from these complexes to PSI limits electron transport in dark-adapted leaves. On the basis of the redox-equilibration curve (Fig. 4A ) and the amplitude of the slowly oxidizing cytochrome f (Fig. 4B ) observed in dark-adapted leaves, we estimate that this fraction comprises 30-50% of the cytochrome b 6 f population; the remaining 70-50% are likely localized to grana margins and/or stroma lamellar regions. These values are in agreement with previous estimates on the basis of fractionation analyses (28, 29) .
The results obtained from the simulations of electron flow through the high-potential chain (Fig. S4) indicate that, for the slowly oxidizing cytochrome f component observed in dark-adapted plants to be present, the transport of electrons both to and from the cytochrome b 6 f complex must be attenuated. We propose that the decreased flow of electrons to cytochrome b 6 f in the dark is, at least in part, due to restricted diffusion of a subpopulation of PQ molecules within the thylakoid membranes, as was previously suggested (26, 27) . This subpopulation likely corresponds to molecules trapped at the densely populated areas of the granum core; the mobility of molecules present at the grana margins is probably significantly higher. We therefore believe that the resulting heterogeneity of slowly and (more) rapidly diffusing PQ and PC molecules underlies the complex cytochrome f redox kinetics in the dark. We further propose that the restriction imposed on PQ diffusion in the dark is reduced in the light. The alleviation of this restriction, along with the pronounced facilitation of PC diffusion due to luminal expansion, leads to the disappearance of the slow cytochrome f component in the light-adapted leaves. We speculate that underlying the increase in the mobility of PQ in the light are alterations in PSII-LHCII macrostructure, which reconfigure the space available for its diffusion in the granal thylakoid membranes. Given that the PSII-LHCII assembly is known to undergo extensive light-dependent reorganizations, and given that the diffusion of PQ is expected to be highly sensitive to the details of the protein landscape in the membranes (6) , such a scenario is not unlikely.
The basis for light-induced expansion of the thylakoid lumen is not clear, as various processes may affect luminal thickness. One possibility is that light-driven acidification of the lumen leads to an influx of anions, which, in turn, causes osmotic swelling of the lumen (11, 30) . Recently, two chloride channels were identified in the thylakoid membranes of Arabidopsis (reviewed in ref. 31 ). These channels appear to be voltage gated (32) , which raises the possibility that illumination leads to a proton motive force-controlled swelling of the lumen by chloride influx.
The physiological benefit of the observed expansion of the granal thylakoid lumen and, along with it, the increase in the free diffusion space in this compartment, is straightforward. As we have shown, PC-mediated electron transport is considerably facilitated in light-adapted thylakoids. This would be clearly beneficial for both linear and cyclic electron transport and may serve a regulatory role if expansion of the lumen increases with the photon flux density. Such a gradation, at low light intensities (i.e., up to 100-200 μmol photons m
), would be consistent with the results we obtained from the redox kinetic measurements shown in Fig. 4C . Another pertinent process that is likely to benefit from the increase in granal luminal thickness is the repair of damaged PSII complexes. Photoinduced damage of the D1 subunit of PSII occurs continuously, under all light intensities (33, 34) , necessitating that impaired complexes be efficiently repaired. The repair of damaged PSII complexes involves release of the manganese from the manganese cluster and dissociation of OEC from the PSII core (35) (36) (37) . Moreover, it was recently shown that subunits of the OEC are also prone to reactive oxygen species (ROS)-mediated damage (38) and, therefore, must be degraded and replenished. Clearly, disassembly of OEC would occur more readily in an expanded lumen, where it is less crowded. An increased luminal volume may also render damaged subunits more accessible to the luminal proteases that degrade damaged components during the repair cycle (39) . Shuttling of newly synthesized OEC subunits from the stroma lamellae, where they are inserted into the thylakoids, to the granal thylakoids, is likewise expected to be facilitated by expansion of the lumen.
It is not clear what advantage, if any, a contracted grana lumen may have: this state may merely be a consequence of the shutdown of processes that take place in the light (and result in lumen expansion). One possibility could be a decrease in the accessibility of the grana lumen to proteins (e.g., luminally residing proteases) in the dark. Another possibility might be to minimize the formation of ROS at PSI under conditions where the light intensity increases abruptly following prolonged periods of dim light, e.g., upon clearing of the sky from cloudiness. Although often neglected, photoinhibition of PSI does occur and, in certain plants and under certain stress conditions, can be quite substantial. Moreover, as the repair of damaged PSI complexes is slow and inefficient, photoinhibition of PSI could be particularly harmful. The primary cause for photoinhibition of PSI is overreduction of its acceptor side, which leads to the formation of ROS that eventually destroy the (reduced) iron-sulfur centers in the complex (see refs. 40 and 41 for recent reviews on these topics). We propose that rapid, unobstructed diffusion of PC within the lumen during the lag time between the initiation of electron transport and reactivation of the Calvin-Benson cycle may lead to reduction of the NADP + pool, resulting in transient shortage of electron acceptors and, therefore, in excessive electron pressure at the acceptor side of PSI. Such a buildup of potentially deleterious electron pressure on PSI may be avoided by attenuation of the transport of electrons from the grana to the stroma lamellar-residing PSI, by restricting PC diffusion in the thylakoid lumen. This would inevitably result in overreduction of PSII, but PSII is better equipped to manage excessive excitation pressures (by means of nonphotochemical energy dissipation) and is repaired much more rapidly than PSI (34, 42) .
Methods
Electron Microcopy. Dark-adapted or light-treated (500 μmol photons m −2 ·s −1 , 30 min) Arabidopsis thaliana leaves were mildly degassed in 50 mM tricine buffer, pH 7.4, containing 15% dextran (40 kDa; Sigma-Aldrich). Leaf samples were then cryoimmobilized (7, 43) using an HPM 010 high-pressure freezer (Bal-Tec). For cryo-EM, the frozen samples were cut using a Leica EM FC6 cryomicrotome and the vitreous sections were transferred onto glow-discharged, carbon-coated, 200-mesh Quantifoil grids. The grids were loaded into a Gatan 626 cryoholder and examined under cryogenic conditions.
